The reactive oxidizing species in the selective oxidation of methane to methanol in oxygen activated Cu-ZSM-5 was recently defined to be a bent mono (µ-oxo) . This study defines the mechanism of oxo-active site formation in Cu-ZSM-5.
Abstract:
The reactive oxidizing species in the selective oxidation of methane to methanol in oxygen activated Cu-ZSM-5 was recently defined to be a bent mono(µ-oxo)dicopper(II) species, [Cu 2 O] 2+ . In this communication we report the formation of an O 2 -precursor of this reactive site with an associated absorption band at 29 000 cm -1 . Laser excitation into this absorption feature yields a resonance Raman (rR) spectrum characterized by 18 . This study defines the mechanism of oxo-active site formation in Cu-ZSM-5.
Oxygen activated Cu-ZSM-5 has been recently shown to selectively oxidize methane to methanol at low temperatures 1 by means of a mono(µ-oxo)dicopper(II) species, [Cu 2 O] 2+ . 2 The geometric and electronic structure of this reactive core was unambiguously assigned using resonance Raman (rR) spectroscopy and density functional theory (DFT) and represents a new species in inorganic chemistry. DFT calculations reproduced the low reaction barrier and kinetic isotope effect (KIE) measured experimentally and showed that the low barrier for H-atom abstraction from CH 4 Na-ZSM-5 (VAW, Si/Al ) 12) samples were ion-exchanged with aqueous solutions of varied Cu(II)-acetate concentrations. 4 The samples were initially calcined under O 2 at 450°C for 2 h (5°C/ min, 50 mL/min), followed by a He flow overnight (50 mL/min). This treatment results in the autoreduction of the Cu sites in Cu-ZSM-5. [5] [6] [7] Fiber optic UV-vis spectroscopy was used to monitor spectral changes of Cu-ZSM-5 at ambient and elevated temperatures, and rR measurements were performed to obtain the electronic and geometric structure information regarding the Cu/O 2 species in Cu-ZSM-5. MS was used to monitor the O-isotope distribution in O 2 -TPD experiments.
When prereduced Cu-ZSM-5 (He at 450°C; Cu/Al ) 0.5) was exposed to O 2 at room temperature (RT) an absorption band at ∼29 000 cm -1 is rapidly formed ( Figure 1A ). After ∼2 min in an O 2 flow, the intensity increase of this absorption band levels off. This band is also observed in a Cu-ZSM-5 sample with Cu/Al ) 0.3 and is essentially absent in samples with Cu/Al < 0.2 (see Figure  S1A and B). After full formation of the 29 000 cm -1 band, the sample was flushed in He to remove excess O 2 at RT. Subsequent heating of Cu-ZSM-5 (Cu/Al ) 0.3) in a He atmosphere resulted in the UV-vis spectral changes shown in Figure 1B . Starting at ∼175°C and higher temperatures, the formation of the 22 700 cm 2+ core still forms even at RT with N 2 O. However, unlike the case with O 2 , when prereduced Cu-ZMS-5 is exposed to N 2 O at RT, no 29 000 cm -1 band is formed, and thus there is no formation of the precursor.
The rR spectrum of the oxygen precursor species formed at RT obtained with laser excitation at 363.8 nm (27 473 cm Figure S3 ). In parallel, excitation at 457.9 nm (21 834 cm -1 ) leads to the enhancement of the vibrational features in Figure 2B (see Figure  S4 for , a reactive site capable of the low temperature, selective oxidation of methane to methanol in oxygen activated Cu-ZSM-5. In combination, UV-vis absorption and rR O] 2+ core has been shown to be highly reactive in methane oxidation, we are actively pursuing other reactive Cu/O 2 species in oxygen activated
